95 individual human atherosclerotic lesions from 26 persons were classified into three groups under the dissecting microscope: fatty streaks, fibrous plaques, and gruel (atheromatous) plaques. Each lesion was isolated by microdissection, its lipid composition determined by chromatography, and the physical states of the lipids identified by polarizing microscopy and in some cases by X-ray diffraction. The composition of each lesion was plotted on the in vitro phase diagram of the major lipids of plaques: cholesterol, cholesterol ester, and phospholipid. The observed physical states were compared with those predicted by the location of the lipid composition on the phase diagram. The most severe lesions (gruel plaques) had an average lipid composition of cholesterol 31.5+/-1.9%, cholesterol ester 47.2+/-2.3%, and phospholipid 15.3+/-0.5%. Their compositions fell within the threephase zone of the phase diagram, predicting the lipids to be separated into a cholesterol crystal phase, a cholesterol ester oily phase and a phospholipid liquid crystalline phase. In addition to the phospholipid liquid crystalline phase of membranes and myelin-like figures demonstrable by electron microscopy, polarizing microscopy revealed the other two predicted phases, isotropic cholesterol ester-rich droplets and cholesterol crystals. X-ray diffraction studies verified the identity of the crystals as cholesterol monohydrate. Fibrous plaques also had an average lipid composition within the three-phase zone of the phase diagram. Polarizing microscopy revealed the presence of cholesterol monohydrate […] Research Article
A B S T R A C T 95 individual human atherosclerotic lesions from 26 persons were classified into three groups under the dissecting microscope: fatty streaks, fibrous plaques, and gruel (atheromatous) plaques. Each lesion was isolated by microdissection, its lipid composition determined by chromatography, and the physical states of the lipids identified by polarizing microscopy and in some cases by X-ray diffraction. The composition of each lesion was plotted on the in vitro phase diagram of the major lipids of plaques: cholesterol, cholesterol ester, and phospholipid. The observed physical states were compared with those predicted by the location of the lipid composition on the phase diagram.
The most severe lesions (gruel plaques) had an average lipid composition of cholesterol 31.5±1.9%, cholesterol ester 47.2±2.3%, and phospholipid 15.3±0.5%.
Their compositions fell within the three-phase zone of the phase diagram, predicting the lipids to be separated into a cholesterol crystal phase, a cholesterol ester oily phase and a phospholipid liquid crystalline phase. In addition to the phospholipid liquid crystalline phase of membranes and myelin-like figures demonstrable by electron microscopy, polarizing microscopy revealed the other two predicted phases, isotropic cholesterol esterrich droplets and cholesterol crystals. X-ray diffraction studies verified the identity of the crystals as cholesterol monohydrate.
Fibrous plaques also had an average lipid composition
Presented in part at the Annual Meeting of the American Heart Association, 17-20 November 1975 16 February 1976. within the three-phase zone of the phase diagram. Polarizing microscopy revealed the presence of cholesterol monohydrate crystals and lipid droplets in all of these lesions; the droplets were predominately isotropic in 28 of the 31 fibrous plaques. Although these lesions had less free cholesterol and more cholesterol ester than gruel plaques, they were otherwise similar.
Fatty streaks had compositions within both the twoand three-phase zones of the phase diagram. Compared with gruel plaques, the fatty streaks within the twophase zone, defined as "ordinary," had more cholesterol ester, less free cholesterol, a higher cholesteryl oleate/ cholesteryl linoleate ratio, a lower sphingomyelin/lecithin ratio, more anisotropic lipid droplets, and rare or no cholesterol crystals. Those lesions within the three-phase zone had many chemical and physical features intermediate between ordinary fatty streaks and gruel plaques. Moreover, 68% of these "intermediate" lesions had no cholesterol crystals by polarizing microscopy in spite of their compositions being within the three-phase zone, indicating the cholesterol ester oily phase or the phospholipid phase or both were (1) . It can also be incorporated into liquid cholesterol ester to a small extent (2) , but if the amount of cholesterol exceeds these limits of solubility, it will be present, under equilibrium conditions, in the form of crystals. Cholesterol esters may be liquid, liquid crystalline, or crystalline at body temperature depending on the relative amounts of individual cholesterol esters and on the amount of solubilized cholesterol or other minor lipids such as triglycerides (2) . Finally, phospholipids such as lecithin and sphingomyelin are present in excess water as lamellar liquid crystals (3, 4) . The relationships between these lipids have been defined in a model system by phase equilibrium experiments with water and chemically pure lipids (5) . The results can be expressed in a simplified condensed phase diagram using triangular coordinates (Fig. 1) . Zone I is a one-phase region of phospholipid lamellar liquid crystals in which up to 33% cholesterol and about 2% cholesterol ester by weight may be incorporated. Zone II is also a single phase but the major component, cholesterol ester, can incorporate only up to about 8% cholesterol and less than 1% phospholipid. This phase is liquid at 37°C if cholesteryl linoleate is the predominant cholesterol ester, and liquid crystalline if cholesteryl oleate is the predominant ester (D. M. Small, unpublished observations). Since the cholesterol ester-rich phase forms droplets in atherosclerotic lesions, it may be called the lipid droplet phase. Zone III is a two-phase zone consisting of cholesterol ester droplets and phospholipid liquid crystals, and zone IV is a threephase zone with cholesterol monohydrate crystals forming the third phase.
Plaque lipid compositions from previous studies (6) (7) (8) (9) (10) (11) (12) are plotted on the phase diagram in Fig. 2a . They all fall within the three-phase zone, and, therefore, we would expect that these plaques would contain cholesterol crystals, cholesterol ester-rich droplets, and phos- pholipid liquid crystals, either as cellular membranes or concentric myelin figure-like deposits. Despite the anticipated presence of these lipid states in all such plaques, surprisingly little effort has been made to characterize them or to define their role in the pathogenesis of atherosclerosis. This is due, in part, to the fact that lipid physical states cannot be studied by standard pathological techniques, since routine tissue processing, involving dehydration, fixation, or freezing, changes these states drastically. Treating tissues with organic solvents dissolves the lipids, while freezing before sectioning crystallizes them, precluding appreciation of the lipid states which had existed in vivo. Nevertheless, by means of other techniques, all three phases have been recognized in plaques. Myelin figures and lipid bilayers characteristic of phospholipid liquid crystals have been identified with electron microscopy (13, 14) . The lipid droplet phase has been seen with polarizing microscopy (5, 15, 16) and has recently been characterized (17) (18) (19) . The crystal phase, recognized in histopathologic sections as "cholesterol clefts," has been assumed to be cholesterol ester (13, 20) , although Bogren and Larsson (21) have suggested it is cholesterol monohydrate on the basis of X-ray diffraction studies of two plaques. Cholesterol crystals have also been identified in plaques by means of polarizing microscopy (5, 22) .
Fatty streak lipid compositions taken from the literature (8, 23, 24) fall within both the two-and threephase zones (Fig. 2b) chromatography of the lipids of both surgical and autopsy specimens showed no more than trace amounts of free fatty acids and less than 2% of lysolecithin, confirming that there was no major postmortem autolysis of lipids. Furthermore, comparable lesions in the surgical and autopsy groups were similar by microscopy and X-ray diffraction as well as by chemical analysis, indicating that physical states of lipids in lesions from the two sources were similar, and therefore surgical and autopsy specimens will not be considered separately. Aortas were opened longitudinally, blood was washed free from the luminal surface, and the adventitia was then removed. Lesions were examined under a dissecting microscope with a magnification X 10 to X 40, and were classified according to WHO guidelines (25) into fatty streaks, fibrous plaques, gruel (atheroma) plaques, and complicated plaques. Fatty streaks were superficial, flat, or slightly raised yellow intimal lesions, often consisting of clusters of small yellow dots. Fibrous plaques were raised firm lesions with a gray fibrous cap overlying a yellow lipid-rich center. Gruel plaques were similar, but the core was necrotic ("an atherosclerotic plaque in which fatty softening is predominant". reference 25). Clusters of crystals were often visible to the unaided eye within the gruel material. Complicated plaques with hemorrhage, calcification. ulceration, or overlying thrombus were not included in the present study. Individual lesions were microdissected with a scalpel and fine forceps, and minced on a glass slide. Portions were taken for chemical analysis, X-ray diffraction, and polarizing microscopy.
Chemical methods
Thin-layer chromatography. Lipids from minces or homogenates of plaques were extracted overnight in 10 vol of chloroform-methanol (2:1, vol/vol), after which a Folch procedure (26) was carried out. Since the total amount of lipids in each individual lesion was often less than a milligram, it was necessary to use sensitive microanalytical techniques to separate and quantitate the extracted lipids. Quantitative thin-layer chromatography (27) was used to measure the free cholesterol, fatty acid, triglyceride, cholesterol ester, lysolecithin, sphingomyelin, and lecithin. Pyrex plates, 20 X 20 cm, with 0.25 mm silica gel G, were divided into 30 lanes, 6 mm wide. After washing overnight in diethyl ether, the plate was activated for 30 min at 120°C, and samples applied in duplicaite on the right and left halves of the plate. A standard solution of cholesterol (Nu-Chek Prep, Elysian, Minn.), triglyceride, cholesterol ester (Hormal Institute, Austin, Minn.), sphingomyelin, lysolecithin, and lecithin (Lipid Products, South Nutfield, England) was applied to three lanes on both halves of the plate, interspersed at regular intervals with the samples. The concentration of each lipid was approximately 1 pg/,al. Dry weights of samples and standards were used to ensure that not more than 10 Ag of a given lipid class was applied to each lane. After development in a solvent system of hexane, diethyl ether, and acetic acid (70: 30:1, vol/vol/vol), the bottom 1.5 cm of silica of the left half of the plate was scraped so that only the right half would be redeveloped in a solvent system of chloroform, methanol, water, and acetic acid (65: 25: 4:1). Cholesterol, fatty acid, triglyceride, and cholesterol ester were separated on the left, and lysolecithin, sphingomyelin, and lecithin on the right. The plate was then sprayed with 50%o sulfuric acid and heated to 220°C for 45 min. The charred lipid spots were scanned with a photodensitometer (Photovolt Corp., New York), and the area under the peaks was measured. For less than 10 ,ug of lipid, the amount of lipid was linearly related to the area. The method was accurate to ±5%o and sufficiently sensitive to quantitate 0.2 ,pg of a given lipid class.
Gas-liquid chromatography. Fatty acids of cholesterol esters were determined using a Hewlett-Packard model 700 gas chromatograph (Hewlett-Packard Corp., Palo Alto, Calif.) equipped with a hydrogen flame ionization detector.
A 6-foot column packed with 10%o SP2340 on 100/120 Supelcoport (Supelco Inc., Bellefonte, Pa.) was operated at a temperature of 1950C. Cholesterol esters were isolated by preparative thin-layer chromatography using a hexane, ether (94:6, vol/vol) solvent system. Plates were sprayed with 2,7-dichlorofluorescein (Applied Science Labs, Inc., State College, Pa.), and lipid spots were visualized under ultraviolet light. The cholesterol ester spots were scraped, and the silica was removed by eluting the lipid with chloroform: methanol (2: 1) through a sintered glass filter. The esters were hydrolyzed in 2% alcoholic KOH according to the method of Albrink (28) as modified by Smith and Slater (7) , except that the initial reaction was allowed to proceed under nitrogen overnight at room temperature before the reactants were heated to 80°C for 30 min. Methylation of the fatty acids was accomplished by refluxing at 80°C with 14% BF3 in methanol for 30 min (29) . Methyl esters were extracted into hexane, dried under nitrogen, and redissolved in 0.25 ml hexane. A known mixture of methyl esters (Supelco Inc.) was used to standardize retention times. The relative amounts of methyl esters were determined by the method of multiplying peak height by retention time (30 Fig. 4 . 13 fatty streaks have compositions which fall on or below the line and are designated ordinary fatty streaks, while 31 fall above the line and are designated intermediate lesions.
Ordinary fatty streaks. These lesions have significantly less free cholesterol and sphingomyelin and more cholesterol ester than the other types of lesions examined (Table I) . They have a lower sphingomyelin/lecithin ratio and a higher cholesteryl oleate/cholesteryl linoleate ratio than advanced plaques. Although they have less triglyceride than other lesions, the difference reaches statistical significance only with gruel plaques.
Much of the accumulated lipid in fatty streaks is present as droplets which are composed mainly of cholesterol esters with small amounts of free cholesterol, triglyceride, and phospholipid (18, 31) . Fatty streaks have relatively more cholesteryl oleate, and less cholesteryl linoleate and cholesteryl arachidonate than advanced plaques (Table II) . This is reflected in all fatty streaks examined having a preponderance of anisotropic droplets at 23°C (Fig. 5A ) since monoenoic cholesterol esters have higher melting points than polyunsaturated esters (2). The optical sign of birefringence of the droplets was invariably positive, indicating a smectic liquid crystalline state (32) . By microscopic observation they do not coalesce when they come into contact, implying that either their surface is stabilized with a phospholipid monolayer or they are membrane-bound. On heating, most of the anisotropic droplets melt by 37°C, and nearly all are in an isotropic liquid state at about 45°C (Fig. 5B ).' Thus, at body temperature the majority of 1 Infrequently, droplets are seen which retain a positive birefringence to 100°C. Since all biologically important cholesteryl esters melt to an isotropic state well below 100°C (Fig. 6a) . Heating to 40-450C abolished 35A line (Fig. 6b) , but after cooling to 23°C this c fraction line was again present. The diffraction patt4 at 23°C (Fig. 6c ) was identical to that of a mixti of cholesteryl oleate and cholesteryl linoleate (6/4 ml mol) in the smectic liquid crystalline state (Fig. 6i After drying, fatty streaks show a crystalline diffracti pattern at 230C, probably produced by crystallization co-crystallization of several cholesterol esters. This cl related with our observations by polarizing microscc that crystals form within lipid droplets on prolong drying. Water does not interact with these crysta however, on heating, they melt to an isotropic liquid 45-50°C, and with subsequent cooling smectic liqi crystals form. This behavior is typical of mixtures unsaturated cholesterol esters (2) .
Intermediate lesions. The points above the line Fig. 4 Fig. 1 . The lamellar structure of this ,type of droplet has been demonstrated in atherosclerotic lesions by electron microscopy (13, 33) . cholesterol crystals by microscopy. Fig. 3 shows that the average composition of fibrous plaques is generally lower in the phase diagram than gruel plaques, implying that they had smaller amounts of excess free cholesterol. This correlated well with our microscopic findings that fibrous plaques had fewer crystals than gruel plaques.
The large percentage of the polyunsaturated cholesterol esters, cholesteryl linoleate, and cholesteryl arachidonate (Table II) correlated with the fact that most lipid droplets in fibrous plaques are isotropic at 23°C, since unsaturation decreases the melting point of cholesterol ester (2).
Gruel plaques. The composition of each of the 24 gruel plaques is plotted in Fig. 7 . A relatively large proportion of the lipids in gruel plaques is free cholesterol (Table I) . If a line were drawn from the cholesterol apex through each point representing a gruel plaque to the line separating the two-phase zone from the threephase zone, the distance from the point to that line would be proportional to the excess free cholesterol. Under equilibrium conditions, this excess free cholesterol should be present as crystals. Polarizing light microscopy of gruel plaques revealed a profusion of cholesterol monohydrate crystals often clustered and stacked one upon the other (Fig. 8) . The morphology of the crystals of the plaque is very similar to the cholesterol monohydrate crystals of bile, being rhomboidal plates with interfacial (corner) angles of 79-80'.
To confirm the chemical identity of the plate crystals, X-ray diffraction studies were performed on nine gruel plaques from nine arterial specimens. The same diffraction pattern was obtained from all samples and remained unchanged on heating the sample to 380C. The diffraction spacings and intensity distribution of both gruel plaques and their isolated crystals were identical to pure cholesterol monohydrate crystals (Table III; Fig. 9 ). Two plaques were exposed to air for several days, and the diffraction patterns changed to one showing diffraction lines from both cholesterol monohydrate and anhydrous cholesterol, thus emphasizing the importance of studying fresh tissue (21) . Gruel lesions (Table I) , and a relatively large proportion of the fatty acids of the cholesterol esters are polyunsaturated (Table II) . Therefore, as in fibrous plaques, most of the lipid droplets are isotropic at 23°C. The Spearman rank correlation test (35) was used to determine whether ranking lesions by groups in the order of (a) fatty streaks, (b) intermediate lesions, (c) fibrous plaques, and (d) gruel plaques would correlate with a progressive increase or decrease for each chemical or physical determination. Strong positive or negative correlations are indicated by a high-rank correlation coefficient (ra). 14 of the 21 rank correlations were statistically significant. Strong correlations were obtained for cholesterol crystals r. = 0.82 (P < 0.001), birefringent droplets r. = 0.81 (P < 0.001), cholesterol r. = 0.66 (P < 0.001), and cholesterol ester r. = -0.54 (P < 0.001). Weaker correlations were triglyceride r. = 0.36 (P < 0.001), sphingomyelin/lecithin ratio r. = 0.43 (P < 0.001), cholesteryl oleate/cholesteryl linoleate ratio r. = -0.35 (P < 0.001), cholesteryl myristate r. = -0.38 (P < 0.001), cholesteryl arachidonate r. = 0.45 (P < 0.001), lecithin r. = -0.26 (P < 0.01), sphingomyelin r. = 0.25 (P < 0.02), cholesteryl linoleate r. = 0.30 (P < 0.006), and cholesteryl oleate r. = -0.19 (P < 0.08). (5, 36) .
The explanation of the phase behavior of the major plaque lipids is provided by the phase diagram of free cholesterol, phospholipid, and cholesterol ester in excess water (Fig. 1) . This diagram predicts that phospholipid liquid crystals (e.g., membranes) become saturated with small amounts (< 2%) of cholesterol ester, and any additional cholesterol ester must form a second phase. Free cholesterol, which is virtually insoluble in water, can be solubilized by the phospholipid phase up to 33% (wt/wt) and by the cholesterol ester phase up to about 8% (wt/wt).' When cholesterol is present in greater concentrations, the system must either be supersaturated (nonequilibrium conditions) or contain cholesterol crystals (equilibrium conditions).
The applicability of the model system to the lipids of human atherosclerotic plaques has been demonstrated in our study. 50 whole lesion must be considered a first approximation in that it gives the mean compostion of the individual lesion and predicts the general physical states in which the lipids should exist at equilibrium. It may mask small compartments differing from the mean composition. Nevertheless, even though some compartmentalization may occur within a lesion, substantial anomalies in the predicted physical states do not occur except in some of the intermediate lesions.
The relatively small concentrations of triglycerides in atherosclerotic lesions (less than 10%) can be expected to have minor effects on the physical state of the lipids. Most of the triglyceride appears to be present in the cholesterol ester-rich droplets (18) (19) . Model systems of triolein and cholesteryl oleate show that these lipids form simple eutectic systems in which complete mutual solubility exists above the melting points of both compounds (2) . Further, small amounts of triglyceride (2%) added to mixed cholesterol esters will abolish the cholesteric phase, and slightly more triglyceride (about 5%) will lower the isotropic-smectic transition temperature by about 5°C (R. Deckelbaum and D. M. Small, unpublished observations). Since the solubility of the cholesterol in cholesterol ester is not enhanced by the presence of triglycerides (2) (8, 23, 24) , and our own findings of compositions of macroscopically defined fatty streaks lying in the two-and three-phase zones, led us to evaluate this group of lesions further. The chemical and physical characteristics of the lesions with excess free cholesterol were significantly different from fatty streaks within the two-phase zone, being intermediate in many respects between fatty streaks and advanced plaques. Identification of this group of intermediate lesions lends support to the hypothesis that at least some fatty streaks evolve into advanced plaques. Since the lipid phases of many intermediate lesions appear to be supersaturated with free cholesterol, a metastable condition probably preceeds the deposition of crystalline cholesterol in plaques.
Lipid accumulation in atherosclerosis must be associated with a slower net rate of efflux than influx of lipids in the vessel wall. Since the mobility of molecules in crystals, and to a lesser extent in liquid crystals, is restricted (37), lipids existing in these physical states would have a slower rate of turnover, and would thus be localized in a relatively inert metabolic pool (38, 39) . Moreover, the organization of lipid molecules in crystals and liquid crystals may well limit enzyme accessibility either to the substrate molecules themselves or to specific substrate sites within molecules. Thus, physical states of lipid would be of importance both in formation and regression of plaques.
